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Abstract— Tho A* algorithm is applied to maximum-likelihood soft-decision decoding of binary linear block
codes. This paper gives a tutorial on the A* algorithm, compares the decoding complexity with that of
exhaustive search and Viterbi decoding algorithms, and presents performance curves obtained for several
codes.

Keywords— maximum likelihood decoding, soft-decision decoding, binary linear block codes, algorithm A*.

| . INTRODUCTION

The A* algorithm is an artificial intelligence tree-search algorithm for finding the path in
agraph that optimizes a function defined over all paths. Nilsson [1] describes the algorithm
as a heuristic graph-search procedure, and shows that the algorithm aways terminates in
an optimal path. A* has been used to implement full maximum likelihood soft decoding of
linear block codes by Han, et a, [2], [3], and [4]. Other tree-search algorithms, e.g., Stack,
Fano, and M-, do not result in maximum likelihood decoding.

This paper describes the fundamentals of the A* algorithm as it is applied to maximum
likelihood decoding of binary linear block codes. For this work, A* was used in decoding
simulations for several codes. This resulted in comparisons of the coinplexity of A* decoding
to that of other maximum likelihood decoding methods, and accurate word error rate curves.

Binary symbols, b; € {0,1}, from an (n,k)linear code are transmitted using binary
antipodal signaling, i.e., ¢i = (—1)%, over an additive white Gaussian noise channel. The
received symbols, 7;, are continuous valued soft symbols. The hard-limited symbol 4;isthe
transmitted signal value, +1, nearest to the received symbol r;.

The rescarchreportedin this paper was carried out in the ComIunications Systems Research Section of the Jet Propulsion Labo-
ratory, California Institute of ‘l'ethnology under a contract to the National Aeronautics and Space Admiinistration.
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A. Mazimum likelihood decoding

Mazimum likelihood soft-decision decoding decodes a received sequence to the codeword
c* that maximizes the likelihood of the received soft symbols. It is convenient to think of
the codewords, which are length N sequences of 1 s, and the recei ved sequence r as points
in N-dimensional space. Assuming an additive white (Gaussian noise channel, the codeword
c* that maximizes the likelihood of the received sequence 7 is the one that minimizes the
Fuclidean distance between the received word » and t] e codeword c.

The codeword that is closest to the received word can be found by exhaustively checking
all possible codewords, or by cleverly seeking out the one that minimizes the distance. For an
(N, K) code, there arc 2° codewords to check, making, an exhaustive search prohibitive for
most interesting codes. Viterbi decoding the block code on atrellis can accomplish maximum
likelihood decoding more efficiently, using a smaller fixed number of calculations [6], and [7].
Techniques such as A* that use a heuristic search to find the maximum likelihood codeword
can significantly reduce the average number of calculations necded for decoding, especially
at high SNR.

B. Linear codes as irees

Define C to be an (N, K) linear code with 2% length N binary codewords b €C. The
generator matriz G for the code isa K x N matrix of zeros and ones whose rows are linearly
independent codewords. Given K information bitsin a row vector a, the corresponding
binary codeword isb = xG. If G isin systematic form, the K information bits are directly
visible in the codewords. For the codes considered 1 iere, the first K columns of G form
an identity matrix, and the codewords can be divided into information bits, in the first K
positions, and parity bits, in the last N -- K positions.

To apply a heuristic graph search algorithin to the decoding of a block code, the code
is thought, of as a binary tree with 2K depth N leaves where each path from the root to a
leaf corresponds to a codeword. If the codewords of a systematic code live in a binary tree,
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Fig. 1. Rinary tree representation, of the (6,3) shortenedHammiing sode.

through level K — 1 the tree is full, that is, every node has two descendants. This is because
any length X sequence of zerosand ones canbe an information sequence. Since the parity
bits arc determined by the information bits, every level K node has only one descendant
path which continues to level N. Any node of level 1< K in the tree is fully defined by the
path p'=pip2. .. p, of information bits p: from the root to that node.
Exanpl e: Consider the (6,3) shortened Hamming code with the generator matrix
100110 )
G 010101
( 001011

Figure 1 shows the representation of this code as a tree with solid and dashed edges used to
represent zeros and ones respective] y, or equivaent] y, transmitted 11sand — 1S. 1 dach node
above level 3 has two child nodes, while each node at levels 3, 4, or 5 has only one descendant.
The leaf nodes at level 6 represent the eight codewords of the code. ‘1 ‘he h ighlighted noce
at level 2 illustrates the path labeling.




1 1. ALGORITHM Descr PTION

The A* algorithm searches a graph for the path that minimizes a path metric function.
Onany given iteration, it expands the node that is likely to yicld the optimal path, and
eliminates any nodes that can only have suboptimal descendants. 1*he method by which
nodes are selected for expansion and eliminated from consideration uses an underestimate of

the path metric function, called a heuristic function. The heuristic function at anode must
lower bound the true path metric function, for all paths that pass through that node.

For maximum likelihood soft-decision decoding of an (N, K) block code received over
the additive white Gaussian noise channel,the path metric function is the square of the
Euclidean distance between acodeword and the received word:

s(r,cC) = Eﬂ(n - )?

For the algorithm to findthe maximum likelihood codeword, the value of the heuristic
function at a node must be less than or equal to the actual squared distance for any full-
length path that passes through that node, i.e., between the received word and any codeword
that is prefixed by p!, the path that defines the node.

The minimum sguared distance over all codewords that begin with the path p' is lower
bounded by the minimum squared distance over al length N binary sequences that begin
with the path p,i.c.,

7777777

where ¢;= (— 1 )%. The minimum sguared distance over all length N sequences that begin
with the path p'is achieved by the sequence th at begins with p' and continues with binary
symbols consistent with the hard-limited received symbols. T'hus, a, valid heurist ic function
for this problem is the squared distance from the received sequence to either the codeword
defined by the path p,“f thenode is at level | = K, or the sequence that begins with the
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path p' and is completed by symbols consistent with the hard-limited symbols, if 1< K. For
1< K, 1 lan, et a, [2] use aheuristic function that minimizes s(r, €) over just those length N
sequences that have legitiinate weights in the code rather than over all length N sequences
as we have done in this work.

A. Fundamentals of the algorithm

I'he A* algorithm maintains an ordered list of nodes. Associated with each node is the path
p' that identifies the node, the value of the heuristic function, and an indicator of whether
the node represents a single codeword. The values of the heuristic function determine the
order of the nodes on the list and therefore guide the search through the tree. The algorithn
expands any node that might yiecld a codeword with the minimur n distance from the soft
received symbols, and eliminates al nodes that are too far from the received symbols to have
the maximum likelihood codeword as a possible descenda nt.

When the algorithin begins the search, the root of the tree is tile only node on the list. At
each iteration, the node onthe top of the list, which has the smallest value of the heuristic
function, is expanded. 1t is taken off the list and the two possible ways of continuing the
path are considered as nodes to put back on the list. BEach new node is placed back on the
list provided that its heuristic function value is not greater than the actual path metric for
a completed codeword. If the node expanded is at level K — 1, the two level K children
specif y codewords, and the value of the heuristic function at each child 1iode is the actual
squared distance between the codeword and the received word. These codewords are called
candidatie codewords. When a node that defines a codeword is placed back on the list, all
nodes below it are deleted. The algorithm terminates when a candidate codeword reaches
the top of the list. That codeword is the maximun likelihood codeword.




B.  IFeatures that improve the efficiency

1 ‘he two features described in this section are not necessary to guarantee maximum like-
lihood soft-decision decoding, but they improve the algorithin’s efliciency. Han, et al, 2]
proposed sorting the bit positions according to the reliabili ty o the received symbols to re-
duce the average number of nodes expanded. Our implementation incorporates this sorting
feature, and additionally introduces a simplification to the heuristic function which reduces
thenumber of computations during each node expansion.

A. Sorting by reliability

If the bit positions corresponding to the more reliable received symbols are expanded first.
then the search will be directed more quickly to close candidate codewords. The nearer a
symbolisto O, the less reliable it is because it is almost equally far from both 4 1 and — 1. It
follows that the greater the magnitude of the received symbol the niore reliable that syimnbol
is. ‘1 ‘0 take advantage of the most reliable symbols first, the received symbols are reordered in
descending order by magnitude, and the code symbols are reordered equivalentl y. Reordering
the code symbols is equivalent to reordering the columns of the generator matrix.

This implementation of the A* algorithm sorts the received symbols by reliability, reorders
the columns of the generator matrix in the same way, and then tries to row reduce the
generator matrix so that it is systematic. However, if it encounters a column, among the
first K columns, that is linearly dependent on previous cohumns. it moves the offending
column and corresponding received symbol to the end before procedinig. Of course, the code
and received symbols arc kept in the same order as the columns of the generator matrix.

Typicall y the number of nodes expanded while decoding areceived word is significantl y
reduced by sorting the symbols before starting the dec:oding process. 1'or the shorter codes
like the (24, 12) Golay code which could be tested both with and without sorting, the increase
in decoding efficiency from sorting the symbols was found empirically to outweigh the cost




of sorting and row reducing the generator matrix. Yor the larger codes, such as the (48,24)
quadratic residuc code, decoding without sorting was so much more time consuming that
it was not a reasonable option to run comparison tests. Sorting was adopted as a standard

feature.

B. Sign-Magnitude Path Metric Function

Ivery soft. symbol r; is at least as far away from the codeword symbol¢; as it is from the
had-limited symbol h;. The squad distance, s(r, €), canbe written as the sum of the
square of the distance tothe hard-limited symbols, s(r, k), and an amount a(r, ¢) that is
nonzero only when at least one symbol ¢; clocs not equal the corresponding hard-limited

symbol 1i;, as foll ows:

s(rye) = 30 e

N N ‘
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where (1) uses hami ¢ sgn(ri)r; = |ri), and (2) introduces the sign-magnitude path metric
function N

a(r, ¢) = > |ri

i=1
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as an alternative to the squared Eucli dean dist ance.  Since the first term in (2) does not

depend on the codeword c, it is constant over the minimization, and
mcilm(r,c):s('r, h) —}4111{111@(7“,0).

Maximum likelihood decoding of the received sequence can be done by finding the codeword
that minimizes either s(r, €) or a(r, C).

Because cach term of a(r, €) is either zero or |r;| based on a comparison, it is smpler to
caculate thans(r,c), which for each i requires a diffcrence and a square. Because of this
simplification, the sign-magnitude path metric has found application in Viterbi decoder im-
plementations such as the high performance Viterbi decoder developed at the Jet Propulsion
Laboratory for the Deep Space Network [8]. For the A* application, it has the additional
advantage of allowing the heuristic function to be independent of future symbols deeper
inthe tree. The heuristic function at levell < K is simply the accurmulated path metric
through level [, because zero additional metric is contributed if the path is completed by
symbols consistent with the hard-limited symbols.

Exanmpl e revisited: Consider the (6,3) shortened Hamnming code and the received se-
quence r= (.05, -1.3, 1.1, .8, -.25, .6). Reordering the received vector by reliability gives
r.(-1.3,1. 1, .8, .6,-.25,.05). The reordered generator matrix in systematic form is

100111
G = ( 010110.
00] 011
Figure 2 shows the tree explored by the A* algorithni when the sorted code is used. Fach
node is labeled with the value at that node of the heuristic function using the sign-magnitude
path metric. The 3 expanded nodes arc each designated by ao; the 2 candidate codewords
are each designated by a A; and the only edges shown in the figure a the 1. edges explored
before the agorithm terminates. ‘I’he nodes with paths O, 11 and 101 arc dropped from
the list when the candidate word, with path metric .65, is puton the list. The search
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Fig. 3. The tree explored by the A* algorithm Ahen the bit positions are not sorted Expanded nodes are designated by o, and nodes
defining candidate codewords are designated by .

prompt Y terminates because the top node on the list defines a canididate codeword, namel y
b’ - 100111. Unshuflling & gives the maximum likelihood decoded codeword in the original

symbol order, b- 110011. For comparison Figure 3 shows thelarger tree explored by the
algorithm when the symbols are not sorted.
C. Verification of the decoder

The decoding results of the A* agorithm were compared to the results of two exhaustive
search decoder implementations. ‘1 ‘he (24,12) G olay code was used for this test since it has
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only 2'2 = 4096 codewords making it feasible to get timel y results from an exhaustive search
decoder. Iirst,the software decoded the received sequences using both A* and exhaustive
search, and compared the results internally. Second, a couple hundred received sequences
were decoded by both the A* software and an independent exhaustive search decoder written
in APL. The results showed that both exhaustive search and A * decoders decoded the same
noisy vectors to the same codewords.

The software to implement the A* algorithin has been writtenin C and run on several
Sun platforms. Since integers on these processors are 32 bitslong, the software to implement
the A* algorithm has been constrained to linear codes with 64 or fewer bits per codeword
by using two 32 bit integers for each codeword. Because of this implementation detail, it
was important to confirm that the A* software properly decodes codes longer than length
32. Most interesting codes with lengths over 32 bits take a prohibitively long time to decode
exhaustively. A test code with length N greater than 32, and one with more than 32
information bits were devised so they could be readily decoded by other means. 1*he code
with length greater than 32 was created by repeating the parity bits of the (24,12) G olay
code. This formed a (36,12) code that was no more difficult to exhaustively decode than
the (24, 12) Golay code. After debugging and testing, the decoder decoded 500 codewords
consistent with the exhaustive decoder results. Next a smple (34,33) code, consisting of 33
information bits and 1 overall parity bit, was tested on two hundred noisy received words.
This code was selected because a maximum likelihood decoder is easy to write, and an APL
program was used to verify that the two hundred test words decoded consistently.

D.  Operational details

To analyze the performance of either the algorithm or a code, data were taken by running
the software with different input. parameters. For a given run, the software can take as input
the generator matrix for the code, the SN R, the seed for the ranidom number generator,
and the number of words to decode. It returns the average number of nodes expanded,
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the averagenumber of candidate codewords, and the nurnber Of word errors that occurred.
Sometimes a systern call from inside the program was used to provide the amount of CP’U
time consurned during a run. These decoding runsranged in size from hundreds to tens
of thousands of decoded received sequences. The codes that have been examined include
a (63,56) Bose-Chaudhuri-Hocquenghem (BCH) code, a (48,24) quadratic residue code, a
(24,12) Golay code, a (31,10) BCH code, and a (32,16) Reed-Muller code. The data from
multiple runs were combined carefully to give the resultsin the following sections.

111. A* ALGORITHM COMPLEXITY

The intricacy of the A* algorithm makes it difficult to count the exact number of calcula-
tions necessary to decode a received sequence. The algorithm’s complexity can be roughly
measured by various indicators of the size of its search t ree. These include the number of
candidate codewords, the number of expanded nodes, and the number of edges searched in
the tree. The number of edges I in the search tree is given by

1 =2X + (N - K)C, (3)

where X is the number of nodes expanded including the root, and C is the 1wmber of
candidate codewords. Because the search size for the A* agorithm varies from one received
sequence to the next, the averages of these numbers over many received sequences are used
for comparison. The next two sections present simulation results demonstrating that the
average search size and the average time to decode arc related linearly, and showing how the
average size of the A* search tree varies with the signal-to-noise ratio.

A. Time to decode versus search Size

The average amount of time it takes to decode received sequences reflects both the com-
putational overhead for each sequence decoded and the computation s for each part of the
search tree. Analyzing thetime to decode requires that all of the timing data be taken on
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the same computer, and that the accuracy of the timing data be sufficient to perform com-
parisons. Thesystem call used to generate the timing information for a run was accurate
to within a second, which is too coarse to study data on individual decoded sequences, but
sufficient for data on ensembles of decoded sequences.

The relationship between the indicators of search size introduced earlier and decoding time
may be observed in the data from many runs for the (48,24) quadratic residue code on a Spare
10 Model 30 workstation. The average decoding time versus the average nuinber of search
trec edges is shown in Figure 4 along with a weighted linear fit !to the data. Although the
data displays a small amount of statistical variability, the time to decode displays a nearly
linear relationship to the indicator of search size.

IThe number of decoded words in each runwas included in the line fitting prucess to account for the variation in accuracy between
data from large and small runas.
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B. Search size versus SNR

The average Size of the tree that A* searches is a function of the SNR for the received
sequences. For each of the codes studied, the average number of search tree edges is shown
versus SNR inTigure 5. Al so shown for the QR(48,24) code 1S the average of edges scarched
by Han, et al, computed by applying (3) to the average of nodes and candidates reported in
[2].

Not surprisingly, for extremely high SNR, the A* algorithm typically finds only two
candidate words, along the way expands K nodes, and therefore has a scarch tree with
= 2K -12(N -- K) = 2N edges. F'or low SNR, the soft symbols arc predominantly noise,
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but the A* algorithm still expands a, mere fraction of the nodes in the tree, especialy as it
bases ecarly decisions on the symbolsthat contribute most to the final choice. Figure 5 shows
that the average number of edges is almost constant for SNR below —4 dB. The algorithm
was aso tested for each code with no signal at all, i.e., an SNR of - oo dBB; the complexity
measures for this case were found to be consistent, wit] 1 the lirni ting valuesin Figure 5.

V. COMPARISIONS wTH OTHER MAXIMUM LIKELIHOOD DECODERS

Many other maximum likelihood soft-decision decoding algorithins use a fixed number of
calculations to decode any received sequence independent of SNR. This sect ion compares the
fixed decodin g complexity of some of these decoders with the average decoding complexity
of the A* algorithm.

A. Fzhaustive search and full tree search

An exhaustive search decoder calculates the path metric for cach codeword individualy,
and returns the codeword with the minimum metric. For an (N, K') Mock code, an exhaustive
search decoder must compute the path metrics for al 2% codewords. If exh austive search is
cast in terms of a graph with one edge for each bit in each codeword, the number of edges
for an exhaustive search is N2°, independent of the SNR.

A dlightly more efficient technique to compute the path metrics for all the codewords is
to use the full code tree. Here the path metric for a codeword at a leaf is the sum along the
path to that leaf of the branch nietrics associated with each edge.Foran (N, K') code, the?
number of edges in the full tree is (N — K -12)2% — 2. This tech nique checks all 2% leaves,

but has fewer edges than an exhaustive search.

B.Viterbi decoding of block codes

‘1 ‘o apply soft-decision Viterbi decoding to ablock code the code isrepresented as atrellis.
Bahl,et al [9], Wolf [1()] and Massey [] 1 ] introduce a minimal trellisfor decoding block codes.
McEliece [6] shows a simple technique for constructing, the minimal trellis for agiven code,
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and also shows that it is optimal for Viterbi decoding complexity. A Viterbidecoder for
acode on a trellis uses a constant number of calculations and comparisons independent of
signal-to-noiseratio. The Viterbi decoding complexity caribemeasured by the total number
of edges in the trellis.

An (N, () code has a minima] trellis that can be const ructed from the generator matrix.
Doiflerent. permutations of a code may have different minimal trellises. For many nice codes,
such as cyclic codes, the minimal trellis has more edges than the minimal trellises for other
permutations of the code. The permutation that gives the most edges isthe worst permuta-
tion of the code.The number of edges in the minimal trellis for the worst permutation is no
more than (N — 2A4 14)2™ — 4 where M = min(K,N - K - 1). Other permutations can
give smaller minimal trelliscs.

C. Comparisons of Decoding Complexity

1*he searchsize for the? A * agorithm depends on the 1 eceived sequer Ice, and the average
search size depends on SN R. The averages and standard deviations of the number of edges
searched when no signal is present can be used to compare the complexity of A* decoding
with that of maximum likelihood decoders that use a fixed number of calculations.

Table 1 shows for each code the number of edges used for an exhaustive search, for the full
code tree, and for Viterbi decoding on minimal trellises correspondinig to the worst and best
code permutations (where known). All of these are mucl. greater t hanthe average number
of edges in the A*search tree, shown in the table for the two limiting cases when SNR is
400 d] 3. The standard deviations of the numbers of edges searched by A* at — oo dB are
substantial, but still less than the averages in al codes tested. .

Consider for example the (24, 12) Golay code. An exhaustive search explores 24 - 212 =
98304 edges. The full tree has 14.212 — 2 == 57342 edges. ‘I'he number of edges in the minimal
trellis for the worst permutation of the (24, 12) Golay code is 4.212--4: 16380. The number
of edgesin the minima] trellis for the best permutation is 3580 [6]. By comparisonthe A*

16




~ Reed- | Quadratic
Nunmb & ef edges for various BCH Golay Muller residue BCH
maximum likelihood decoders (31, 10) | (24, 12) | (32, 16) (48, 24) (63, 56)
A* algorithm search tree at
400 dB (average + standard dev.) || 6240 | 48+ 0 | 64 4 0 96 £ 0 126 £ 0
A* agorithm search tree at 2903 469 | 2303 | 34,429 245
—oodl3 (average +standard dev.) || £1660 | 4:327 41912 +31,940 +151
Minimal trellis for the best < 7068 o < 5068
code permutation (fixed) > 3484 3580 | 6396 860,156 > 4892
‘Minima] trellis for the-worst -
code permutation (fixed) 15356 | 16,380 | 262,140 | 67,108,860 13,052
Full code tree (fixed) _ | 23550 | 57,342 | 1,179,646 | 436,207,614 | 6.49 x 1077
Exhaustive search (fixed) | 31,744 98,304 | 2,097 52| 805,305:868| 4.54x10™

Table 1. Comparisons of decoding complexity for some maxirmum likelihood decoding techniques

algorithm searches an average of 469+ 327 (10) edges in the 1ow-SN1L limnit, and 48 + O (10)
edgesin the high-SNR. limit.

For alarger code such as the (48,24) quadratic residue code, the edge counts for an
exhaustive search and the full code trec are astronomical. The minimal trellis for a worst
permutation stillhas an impractical number, 4 . 2*--4 -- 67108860, of edges. Recent
work [12] and [13] has produced this code’s best permutation which results in a minimal
trellis with 860156 edges. By comparison the A* algorithm’s search tree has on average
34429 + 31940 (1o)edges in thelow-SNR limit and 96 -1 O (1) edges in the high-SNR limit.

The total number of edges explored by each of these maximum likelihood decoding algo-
rithms equals the number of binary additions that must be performed in order to compute
the required path metrics. It is possible for special algorithms to reduce the number of com-
putations dlightly for some special codes. For example, by using enhancements on a certain
trellis for the Golay code, Forney [7, p. 1183] can perforin maximum likelihood decoding with

atotal of 1351 binary operations, of which 840 are binary additions/subtractions and 511
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are binary comparisons. The number of additions/subtractions for this special construction
is still greater than the? A* agorithm’s average plus one standard deviation in the low-SNR

limit.
V. CODEPERFORMANCE

The A* algorithm that we have implemented has becn very useful for simulating code
performance. Figure 6 shows the probability of word error versus SN R for the (63,56)
BClI, (32,16) Reed-Muller, (31,10) BCl, (24,12) Golay, and (48,24) quadratic residue codes.
The error bars are one standard deviation of an average of m independent Bernoulli trials.
Specifically, the estimated standard deviation is o = \/Ei?, where p is the estimate of the
probability of word error at a given SNR, and m is the number of words decoded at that
SNR.

V] . ENIIANCEMENTS OFTHE 1) ECODING Al GORITHM

This paper has described an implementation of the A* decoding algorithm that searches
a comparable average number of edgesto the algorithm reported in ['2]. This is illustrated
in IFigure 5. ‘J here are many directions in which the algor ithm might be enhanced. Here we
briefly discuss some of them,

A. Improved Stopping Rule Based on the Code Geometry

If the anglebetween the received word and a candidate codeword, as viewed from the
origin, is less than half the minimum angle between any two codewords, then that candidate
codeword must be the closest one to the received word. One of the suggestions in [2] is to
calculate the angle between the received word and each candidate codeword as it is found.
If this angle guarantees that the candidate is the closest codeword,then declare that the
decoding is complete, and exit the algorithm.

The bounded angle decoding condition is very easy to check when the A* decoder uses the
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sign-magnitude path metric function a(r, ). The recei ved wordr falls within the bounded
angle decoding region of the codeword ¢ if and only if

—
| (N~ dﬂjjrfl 2 A(r)

\ i

where d,,in is the minimum Hamming distance of the code. The decoder’s stopping rule

(4)

1[I
a’(ra C) Q<Z4IZIT

canbe modified to terminate whenever a candidate cocleword eithier reaches the top of the
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ordered list of nodes or has a sign-magnitude path metric 1€ss than the threshold A(r). This
feature was not implemented for the results presented in this paper, but it is expected to
reduce the size of the tree searched.

B. Applying the Best Code Permutation

Fach parity bit isa linear function of a subset of the information bits. If a node in
the tree is decp enough to specify all the information bits for a particular parity bit, then
any codeword passing through that node will have the same value for that parity bit. The
heuristic function could use this parity bit to improve the distance underestimate for al
nodes at that depth, and thus reduce the size of the tree searched by the algorithm.

An equivalent way to accomplish the same result without requiring the heuristic function
to look ahead is to permute a parity column of the generator matrix to immediately follow
the last information column on which it depends. A node at this level of the tree is not
expanded to two successors, but extends to one unique descendaut, which may expand with
the next information bit. Some of these column permutations may e obtained for free,
simpl y by not moving any linearly dependent columns discovered while row reducing the
generator matrix after sorting its columns by symbol reliability.

The theory of minimal trellises and the implementation of A*  decoding are both concerned
with finding efficient code permutations. For minimal trellises, this is a static problem with
a static solution: the structure of the code dictates which permutations are good and which
are not. For A* decodi ng the best permutation also depends 011 the value of the received
symbols. For the codes we have tested, sorting by reliabil i ty appears to have more powerful
consequences on reducing the average size of the search tree than optimall y ordering the
symbols a priori. Other codes, such as block-truncated convolutional codes, possess much
static structure that would be severely disturbed by any type of sorting unrelated to their
natural trellis structure; for such codes the best A* pernutation is probabl y closer to the
best a priori permutation than to the ordering according to symbol reliability.
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Ior any given code and set of received symhols, the algorithm could try to determine an
optimum permutation of code symbols that produces the most efficient, decoding. Of course,
if the decoder were to devote considerable resources to this task, it Ini ght negate any extra
efficiency obtained.

C. Using Orderly Node Faxtensions as Well as Expansions

In the current version of the algorithmn, al expansions of nodes are performed one at a
time. One node is expanded into two nodes, the heuristic function is evaluated at both
new nodes, and the ordered list of nodes is updated and consulted before the next node is
expanded. 1 lowever, when anode at level K is reached, it is extended to level N by adding
its final N — K branch metrics all at once. An algorithm that performs its extensions in an
orderly manner, one at a time, will have a search tree with the same number of expanded
nodes and fewer edges (or at most the same number).

Extending nodes one at a time require.s additional updating and checking of the ordered
list of nodes, so the overall decoding algorithm may not be as eflicient. The choice of which
technique is better will depend on the particular code. For example, orderly extensions are
probably more effective for low rate codes than for high rate codes.

VI 1. CONCLUSIONS

The application of the A* algorithm to maximum-likelihood soft-decision decoding allows
for efficient simulation of code performance. ‘I’he A* algorithm ftir lds the codeword that
maximizes the like] i hood of the received word given the codeword. This is equivalent to
minimizing either the Kuclidean distance between the received word and a codeword or the
al ternative sign -magnitude path metric. The use of a heuristic funct ion constrains the search
to only asubtree of the code’s finite binary tree. The heuristic function underestimates the
true path metric function in order to assure that the subtree contains the optimal path.

The size of the tree searched by the A* algorithm, as described by the total number of
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its edges,isa good indicator of the complexity for decoding that received sequence. Since
the search size depends on the received sequerice, the average scarch size as a function of
signal-to-noise ratio is used for comparison. The search tice isS smallest. for high SNR where
the algorithm goes straight to the maximum-likelihood codeword, and larger at low s N R
where the scarched portion of the tree is still much smaller than the full code tree. At low
SNR the average size of the A* searchtree is also smaller than the best possible fixed trellis
size for Viterbi decoding.

For many codes, maximum likelihood decoder error rates can be estimated by simulations
using the A* algorithm, whereas such tests would he impractical with other methods. For
research applications, these simulations are useful for comparisons to theoretical bounds,
and for testing other predictors of code performance.
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A* Decoding of Block Codes

L. Ekroot S. Dolinar

June 20, 1995

Abstract— The A* algorithm is applied to maximum-likelihood soft-decision decoding of binary linear block
codes. This paper gives a tutorial on the A* algorithm, compares the decoding complexity with that of
exhaustive search and Viterbi decoding algorithms, and presents performance curves obtained for several
codes.

Keywords— maximum likelihood decoding, soft-decision decoding, binary linear block codes, algorithm A*.

I. INTRODUCTION

The A* agorithmisan artificial intelligence tree-search algorithm for finding the path in
a graph that optimizes a function defined over all paths. Nilsson [1] describes the algorithm
as a heuristic graph-search procedure, and shows that the algorithm always terminates in
an optimal path. A* has been used to implement full 1naximum likelihood soft decoding of
linear block codes by Han, ct a, [2], [3], and [4]. Other tree-search algorithms, e.g., Stack,
Fano, and M-, do not result in maximum likelihood decoding.

This paper describes the fundamentals of the A* algorithm as it is applied to maximum
likelihood decoding of binary linear block codes. For thiswork, A* was used in decoding
simulations for several codes, This resulted in comparisons of the complexity of A* decoding
to that of other maximum likelihood decoding methods, and accurate word error rate curves.

Binary symbols, b;€ {O, 1}, from an (n,k) linear code arc transmitted using binary
antipodal signding, i.e, ¢;=(— 1)%, over an additive white Gaussian noise channel. The
received symbols, r;,are continuous valued soft symbols. The hard- limited symbol hi is the
transmitted signal value, 4-1, nearest to the reccived symbol 7;.

The research reported in this paper wss carried out in the Communications Systems Research Section of the Jet Propulsion Labo-
ratory, California Institute of Technology under a contract to the National Aeron autics and Space Administration,



To apply a heuristic graph search decoding algorithin, the code is associated with a sys-
tematic generator matrix G and represented by a corresponding binary tree with 2“depth
N leaves representing codewords, Any node at level [ <kin the tree is fully defined by the
path p!=pp,...pof information bits p; from the root to that node.

[ 1. ALGORITHM DESCRIPTION

The A* algorithm searches the code tree for the path that minimizes a path metric function.
On cach iteration, it expands a node that is likely to yield the optimal path, and eliminates
any nodes that can only have suboptimal descendants, Nodes are selected for expansion and
eliminated from consideration using an underestimate of the path metric function, called a
heuristic function. The heuristic function at a node must lower bound the true path metric
function, for all paths that pass through that node.

A. Fundamentals of the Algorithm

The A* algorithm maintains a list of nodes ordered by their heuristic function values.
When the algorithm begins the search, the root of the tree is the only node on the list. At
cach iteration, the node on the top of the list, which has the smallest value of the heuristic
function, is expanded into two ncw nodes. Each new node is placed back on the list provided
that its heuristic function value is not greater than the actual path metric for a completed
codeword. If the expanded node is at level k--1, the two level k children specify candidate
codewords, and the value of the heuristic function at each child node is the path metric for
the specified codeword. When a node that defines a codeword is placed back on the list, al
nodes below it arc deleted. The algorithm terminates when a candidate codeword reaches
the top of the list. That codeword is the maximum likelihood codeword.

B. Choice of Path Metric and Heuristic Functions

For maximum likelihood soft-decision decoding of an(n, k) block code received over the
additive white Gaussian noise channel, the path metric function is the square of the Euclidean
distance between the reccived word » and a codeword c, namely, s(r,c) = Y1, (—¢ )’
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The minimum path metric over all codewords that begin with the path p' is lower bounded
by the minimum path metric over al length N binary sequences that begin with the path
p'. The latter is achieved by the sequence that begins with p! and continues with binary
symbols consistent with the hard-limited received syml »ols. Thus, a valid heuristic function
for this problem is the path metric from the reccived sequence to either the codeword defined
by the path p*,“f the node is at level 1 = k, or the sequence that begins with the path p’
and is completed by symbols consistent with the hard-1 imited symboals, if | <k.

In our implementation we have substituted for the Euclidean distance the equivalent sign-
magnitude path metric function

alr, ) = lnl=gls(r, ©) —s(r, b
sgnris i

where h is the vector of hard-limited symbols corresponding to 7. Because each term of
a(r,c) 1 S either zero or |r;| based on a comparison, it is simpler to calculate than s(», c),
which for each i requires a diflerence and a square. For the A* application, a(r, c) has the
additional advantage of allowing the heuristic function to be independent of future symbols
decper in the tree: at any node in the tree, zero additional metric is contributed if the path
iscompleted by symbols consistent with the hard-limited symbols.

Han, et al, [2] usc the path metric s(r, c) and a slightly tighter heuristic function that
minimizes s(r, c) over just those length n sequences that have legitimate weights in the code
rather than over all length n sequences as we have done in this work. However, we observed
in our tests (e.g., sce Figure 2 below) that the simpler heuristic function could be substituted
with only a minor effect on average decoding complexity.

C. Received Symbol Sorting

Ilan, ot @, [2] noted that, if the bit positions corresponding t0 the more reliable received
synbol s arc expanded first, then the search will be directed more quickly to close candidate
codewords. The greater the magnitude of the received symbol the more reliable that symbol
is. Our implementation of the A* algorithm also sorts the received symbols by reliability,
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because decoding without sorting was found to be much more time consuming. The algorithm
reorders the columns of the generator matrix to match the symbol sorting, and then tries to
I ow reduce the generator matrix so that it is systematic. If it encounters a column, among
the first k£ columns, that is linearly dependent on previous columns, it moves the offending
column and corresponding received symbol to the end before proceeding

Exanpl e: Consider the (6,3) shortened Hanming code and the received sequence r =
(.05 -1.3 11 .8 -.25 .6). Reordering the received vector by reliability gives = (-1.3,

1.1, .8, .6, - .25 .05). The original and reordered generator nmtrices in systematic form
100110 100111

acG= 010101 adG = 0210110 . Figure la shows the tree
001011

) $ 001011
explored by the A* algorithmwhen the sorted code is used. Each node is labeled with the

value at that node of the heuristic function using the sig |-magnitude path metric. There are 3
expanded nodes, 2 candidate codewords, and only 12 edges are expl ored before the algorithm
termnates. The nodes with paths O 11 and 101 are dropped fromthe list when the candidate
word, with path metric .65 is put on the list. The ser ch pronptly termnates because the
top node on the list defines a candidate codeword, namelyb' ==100111. Unshuffling b’ gi ves
t he maximum likelihood decoded codeword in the original symbol order, b = 110011. For
comparison Figure b shows the larger tree explored by the algorithm when the symbols are
not sorted.

I11. A* ArcorituM COMPLEXITY

The intricacy of the A* algorithm makes it difficult to count the exact number of cal cu-
lations necessary to decode a received sequence. W found that the time to decode is to
first order proportional to the nunber of edges in the search tree, and therefore we have
used the number of search tree edges E as a rough measure 0f the algorithnis conplexity.
Because the search size for the A* algorithmvaries fron one received sequence to the next,
both averages and standard deviations of E arc used for conparison with that of maximm
li kel ihood decoders that usc a fixed number of cal cul ations.
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Fig. 1. (@) The tree explored by the A* algorithm when the bit positions are sorted to take advantage of the more reliable symbols
first, (b) The tree explored by the A* aigorithm when the bit positions are not sorted. Expanded nodes predesignated bye, and nodes
defining candidate codewords are designated by A. Code symbols 0 and 1 are represented by solid and dashed edges, respectively.

A. A * Search Sze Versus Sgnal-to-Noise Ratio

The average size of the tree that A* searches is a function of the signal-to-noise ratio &/No
for the reccived Sequences. For each of the codes studied, the average number of search tree
edges per code synbol, E/n, is shown versus &/No in Figure 2.

For extremely hi gh &/No, the A* algorithmtypically finds only two candidate words,
along the way expands k nodes, and therefore has a search tree with E =2+2(n-k=2n
edges which is seen in Fig. 2. For very low &/No, the A* algorithm sill expands only a snall
fraction of the nodes in the full tree, because it bases its early decisions on those synbols that
contribute most to the final choice. Even though all the synbols are predomnantly noise in
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Fig. 2. The average number of search tree edges per code symbol for several codes as a function of sig,,rd-to-noise ratio, Also shown
for the QR(48,24) code is the average of edges per code symbol searched by Han, et al, computed ftom 2X 4 (n- k)C where X is the
average number of nodes expanded, and C is the average number of candidate codewords reported in [2],

this case, the algorithmis relatively efficient in focusii g itS attention on the synbols that
predom nate the maxinum |ikelihood decision. As &/N, goes to — oo dB, the average nunber
of edges seems to approach a constant value for each code, which (somewhat surprisingly)
can he slightly lower than the worst-case average ocem ring at a nomsro &/No.

B. comparisons with other Maximum Likelihood Decoding Methods

Many other maxi mum | i kel i hood soft-decision decoding al gorithns explore a fixed nunber
of edges £ in @ search tree or trellis. 1 For an exhaustive search decoder E = n25 for a
slightly nore efficient full tree search, E = (n-ki-2)2"-2

It has been noted [5] that efficient soft-decision decoding of block codes may be accom-
plished by applying the Viterbi algorithm to a minimal trellis representation of the code. The

1For each of th 5 algorithms, the decoding complexity is dominated by the nutnber of edges examined, even though other operations
are involved. For A these other operations include sorting the symbals and row reducing the generator m atrix, and determining where
to insert newly expanded nodes on the list. When the sign-magnitude path metric is used, half of the node insertions are trivial, because
the metric of one of the two expanded nodes is the same as that of its parent node.



Viterbi decoding conpl exity can be measured by the total number Of edges in the trellis [6].
However, different permutations of a code may have difierent Minimal trellises with different
numbers of edges. The worst pernutation of the code has no more than (n — 2m + 4)2™ - 4
edges, where m-min(k, n —k + 1). Determning the hest permutation is an area of active
research (e.0., [7], [8]).

Table 1 shows for each code studied the number of edges used for an exhaustive search,
and for Viterbi decoding on minimal trellises coresponding t0 the worst and best code
permitations. Al of these are nuch greater than the average number of edges in the A
search tree, shown in the table for the two limting cases when &/N, is foo dB. The standard
deviations of the numbers of edges searched by A* at - -cmdB arc very large, but they still
indicate (€. ¢., With the aid of Chebyshev's inequality) that A* al most al ways searches many
fewer edges than the other methods? except possibly for the BCH (31 ,10) code, the |owest
rate code in the table.

1V. Conr PERFORMANCE

For many codes, maxinum |ikelihood decoder erar rates can be estimated by simila-
tions using the A* algorithm whereas such tests woul d be inpractical with other methods.
Figure 3 shows simulated word error rate versus &/Ng, found using A* for the same codes
shown in Figure 2.

ACKNOWLEDGMENTS

The authors would like to thank A Kiely, F. Pollara, and especial |y R. McEliece foOr many
helpful di scussions. The referees’ coments were alSo cxceptionally val uabl e.

Note: An extended version of this paper originally appeared in [10].

2v0or hardware implementations, the maximum number of edges searched by A* should also be considered. However, the worst-case
maximum is of dubious significance, because it is always possible (though extremely unlikely) to contiive a set of Gaussian noise samples
that force A* to explore every edge in the full code tree, Practical implementations can be designedto achieve near-maximum-likelihood
performance based on studying the full histogram of the number of edges explored, or, more crudely, the mean and variance as we have
reported here.



Reed-" -
Number of edges for various BCH Golay Muller
maximum likelihood decoders (31, 10) | (24, ii?) | (32_16)
A* agorithm search tree at -
+00 dB (average & standard dev.) | 62+ 0 | 48+ 0 | 644 0
A* algorithm secarch tree at 2903 469 | 2303
—oodB (average & standard dev.) || 41660 | 327 41912
Minimal trellis for the best <7068 | T
code permutation (fixed) >3484. |_3580 | _639%6
Minimal trellis for the worst T
code pm-mutation (fixed) 15,356 | 16,380 | 262,140
Full code tree (fixed) 23,550 | 57,342 | 1)179,646
Exhaustive scarch (fixed) 31,744 | 98.304 [ 2,097,152

Quadratic

residue BCH

(48, 24) (63, 56)

96 + 0 126 4+ 0

34,429 245

+31,940 +151

< 5068

860, 156 > 4892
67,108,860 13,052
436,207,614 | 6.49 x 10''
805, 306, 368 | 4.54X101*

Table 1. Comparisons of decoding complexity for some maximum likelihood decoding techn jques. The edge counts for the best
permutations are from a table in [9], or from applying bounds and techniques reported there.

1x10° =
AR ¢
~6 .
wio'd AR
1x102
E a0 )
5 1x10 e
£ .
4
B 4
g 0 - -¢ - BCH(63, 56)
. — g Golay (24, 12) .
1x10 R
.. .o - - Reed-Muller (32, 16)
1x10° — -a— BCH (31,10)
— - QR (4824)
1x107 - T T T T T 1
1 2 5 6 7

E,,/No [CID)

Fig. 3. Sitnulated word error rate versus Ey/No- The error bars are 3 one standard deviation, and they are only shown where they are

larger than the plot symbol.




!

[2]
&

[4
[5
[6]
7
[8]
(9

[10]

REFERENCES

N. J. Nilsson, Principles of Artificial Intelligence, Palo Alto , CA: Tioga Publishing Co., 1980.
Y. S. Han, C.R.P.Hartmann, and C.-C. Chen, “Efficient Maximum. Likelihood Soft-1) ecision Decoding of Linear Block
Codes Using Algorithm A*” Technical Report SU-CIS-91-42, School of Computer and Information Science, Syracuse
University, Syracuse, NY 18244, December, 1991.
Y. S. Han, and C. R.P.Hartmann, “Designing Efficient Maximum- Likelihood Soft-1 Jecision Decoding Algorithms for
Linear Block Codes Using Algorithm A*,” Technical Report SU-CIS-92-10, School of Computer and Information Science,
Syracuse University, Syracuse, NY 18244, June, 1992.
Y. S.Han, C. R. P. Hartmann, and C.-C. Chen, “Efficient Priority-First Search Maximum-Likelihood Soft-Decision
Decoding of Lincar Block Codes,” IKEE Tvans. Inform.Theory, vol. 1T-39, pp. 1514-1523, September, 1993.
L. R. Bahl, J. Cocke, F. Jelinck, and J. Raviv, “Optimal Decoding of l.inear Codes for MinimizingSymbol Error Rate,”
IEEE Trans. Inform. Theory, vol. IT-20, pp. 284-287, March, 1974.
R. J. McEliece, “The Viterbi Decoding Complexity of Linear Block Codes,” presented as along paper at IEEE ISIT‘94,
Trondheim, Norway.
T. Kasami, I'. Takata, ‘I'. Fujiwara, and S. Lin, “On the Optimum Bit Orders with Respect to the State Complexity of
Tyellis Diagrams for Binary Linear Codes,” IEEEFE Trans. Inform. Theory, vol. 1T-39, pp. 242- 245, January, 1993.

Kiely, S. Dolinar, R. McEliece, L. Ekroot, . Lin, “Trellis Decoding Complexity of Linear Block Codas,” submitted
to IEEE Trans. inform. Theory.
S. Dolinar, I,. Ekroot, A. Kiely, W. Lin, and R. J. McEliece, “The Permutation Trellis Complexity of Linear Block Codes,”
Proc. 82nd Annual Allerton Conference on Communication, Control, and Computing, Allerton, Illinois, October, 1994.
L. Ekroot and S. Dolinar, “Maximum-Likelihood Soft-Decision Decoding of Block Codes Using the A* Algorithm,” TDA
Progress Report 42-117 January - March 1994, Jet Propulsion Laboratory, Pasadena, California, pp. )29-144, May 15,
1994.



2. CO, Removal Technology Trade

Six different technologies were included, as shownin Figure V-7
for wet weight and Figure V-8 for electrical power demand. These
figures illustrate the impact of technol ogy substitution on the
vari ous subsystens and the entire system while a technol ogy
candi date can show significant wei ght or power advantages over

ot her candidates at that functional |evel (e.g., co, removal) |,

t he advantage may not be naintai ned through the subsystem (e.g.,
air revitalization) and through the entire |life support system

The wet weights of various systems considered for comparison of
C O0,removal technologies could differ by as much as 340 kg (for
the 90-day mission) primarily due to differences in the demand
for stored supplies and in the weight of process equi pnent.
D fferences in process equi pment weights for the various co,
removal technologies are on the order of 100-30C) kg. In addition
to their impact on the AR subsystem even the WM subsystem
wei ghts are seen to be affected sonewhat by the choice of CO,
removal technology. Such interactions between different
subsystems cannot be recogni zed quantitatively by comparing the
wei ght, power demand, etc. of individual technol ogi es by
themsel ves. For exanple, the solid amine water resorption (SAWD)
process puts steam into the cabin air, which is condensed and the
condensate becones an additional [oad on the hygiene water
rocessing unit, thereby increasing its weight and power denand.
ecause of the increased t hroughput, any nonregenerabl e chem cal s
used by hygiene water processing al so increases and can be
accounted for in the increased storage subsystem weight. The Li CH
co, renoval technology is for nonregenerative capture of co,. The
wei ght of the LiOH sorption equipnent itself is small conpared to
the other regenerative co, removal . process units. However, since
the process is nonregenerable, there is a high denmand for Li OH
canisters (as seen in the storage subsystem weight), which is
directly proportional to crew size and m ssion durati on.

Subsyst em power denmands al so show significant differences. The
power demand for the various C0,renoval technologies is |ess by
hundreds of watts conpared to the baseline four-bed nol ecul ar
sieve (4BMS) with the exception of the air polarized concentrator
(apC) . Even though the electrochem cal depol arized concentrator
(EDC) shows a nmarked decrease in power demand for the CO,renoval
SFE, the power advantage does not carry through exactly into the
AR subsystem EDC adversely affects the AR subsystem by requiring
addi tional H, generation and thus increasing the size

t hroughput, and power demand on the water electrolysis unit. LiOH
requires the mninmum power for the SFE, AR subsystem and the
overall systemsince the Li OH technology has | ow power and the
CO, reduction process is elimnated.
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3. CO, Reduction Technology Trade

The baseline uses Bosch technology to recover 0, as water
condensate and is conpared for subsystem wei ghts and power
demands to the Sabatier advanced carbon removal system (ACRS),
and the co, electrolysis/Boudouard (CO2EL/BD Of CO2EL) 'process in
Figures V-9 and V-10, respectively. The technol ogy choice here
has no intersubsysteminpact except for the storage subsystem
The sinplest of the four processes in terns of welght and power
Is the Sabatier process, which catalytically converts all of the
Q0,in its feed to cH, by reacting with H,. However, the &,

requi rement places an additional burden on the 0, generation SFE
of the AR subsystem thereby losing its advantage over other
technol ogies. Since the cH, produced by Sabatier technolo%y S
vented as trash, the associated H|oss nmust be supplied by

addi tional storage of hydrogen or preferably water, which is
reflected in the higher storage subsystem weight.. For the
basel i ne system wusing Bosch, there is a net reqguirement of 0.8
kg per day of nakeup water for a crew of 4, with the Sabatier
process, this nmakeup water increases to 3.7 kg per day. However,
t he Bosch process also requires chem cal supplies in the form of
canisters to collect the carbon fornmed in the process. These
cani sters account for 0.5 kg per day. Hence, the net consumabl es
di fference per day between the Sabatier and the Bosch processes
Is 2.4 kg, which anounts to over 200 kg for a 90-day m ssion.
Anot her way of configuring the systemwth the sSabatier process
woul d be to convert only part of the co, produced. This schene
woul d take only available Hcreated from the 0,generati on SFE
due to netabolic 0, requirements. This would reduce the size of
the 0, generation unit significantly as the stoichiometric ratio
of H,/C0, requirenent for Bosch is 2 and for sSabatier is 4 for
conpl ete €O, reduction. The impact woul d significantly affect the
power requirenents for the CO,reduction and H,0 electrolysis
processes.

The ACRS and CO2EL processes show results conparable to the
basel i ne Bosch process in terns of weight; ACRS shows slightly

hi gher power than Bosch for both the srr and AR subsystem while
QC02EL shows a higher SFE power but a slightly |ower AR subsystem
powver .
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4.0, Ceneration Technol ogy Trade

The 0, generation subsystem functional elenment uses the static
feed water electrolysis (Srwe) process as its baseline. SFVE is
compared to the subsystem weight and power paraneters for water
vapor el ectrolysis (wveE) and solid pol yner electrolyte liquid
feed (SPE) in Figures V-11 and V-12.

SFWE and SPE conpare closely both in weight and power denand,
with SFVE having only a slight advantage due to the | ower weight
and power denmands at the SFE |evel. However, the WE affects both
the WM and storage subsystens because the WE process draws water
out of the cabin air and then electrolytes the H,0 to H, and 0,
This avoi ds the condensation of atnobspheric noisture and the
subsequent cl eaning of condensate water to standards of purity
required for electrolysis. The net effect is to reduce the

magni tude of condensate processing inposed on the wM subsystem
and thereby reducing the wM subsystem weight., power, and chem cal
supplies by that required for condensate treatment. This then
results in the |owest overall system weight as shown in Figures
V-1 (90 days) and V-2 (600 days).

The conparison of power demand nunbers shows that WE results in
significantly lower overall system powerby over 200 watts. The
primary reduction is seen at the 0, generation SFE level. A
slight reduction is also realized in the wM subsystem
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5. Pot abl e H,0 Processing Technol ogy Trade

The subsystem functional el enent for potable water recovery uses
multifiltration for potable water(MFPW Or ME') as its baseline
which is conpared to the subsystem wei ghts and power of reverse
osnosis for potable water (ropw or RO and el ectrochem ca

dei oni zation (ELDI) in Figures V-13 and V-14.

RO and ELDI recover less water (~90%) conpared to the baseline
val ue of 99.99% thereby showi ng a higher storage subsystem -
weight to carry the extra nmakeup water not recovered; this
represents about a 2 kg per day difference in water. However, the
hi gher water recovery rate for MF is tenpered by a hi gher demand
for consumable chemcals (M- unibeds) conpared to the RO The

wei ghts conputed for the potable water recovery SFE and for the
WM and AR subsystemare simlar for all the three processes; the
storage subsystemis lowest for the M as it recovers the nost

wat er .

Power demand for the M= and RO is essentially equal, while ELD
shows a significantly higher rate. Qher SFES and subsystens are
not affected by the change in the technology candi date for

pot abl e H,0 processing. On the other hand, if it would be

possi ble to route the RO brine from potable water processing to
urine processing, then the overall water recovery could be

i ncreased at the expense of higher sre weight and power denmand of
urine processing. It would al so be possible to conmpute the

m ssion duration for a break-even point where the reduced water
supply requirenent matches the increased weight and power demand
(equating increnental power to weight) for urine processing.
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6. Hygiene H,0 Processing Technology Trade

The reverse osnosis for hygiene water (ROHW or Rro) baseline
process has a |lower water recovery rate (93.5% conpared to the
99.99% recovery for multifiltration for hygiene water (MFHW Ofr
M) . By switching to M/, the system conpletely regenerates al

the hygi ene water requirenEnt: in fact, an excess of H,0 1S
generated, which nust be stored as trash or dunped overboard. For
t he baseline ROHW process, the makeup rate for four persons is
0.8 kg per day and for the MFHW process, there is no demand for
makeup. However, in treating all of the wash waters, the M
process consunes an additional 1.1 kg per day of ion exchange and
adsor ption beds (unlbeds),thereby causing a net increase in
consumabl e supplies of 0.3 kg per day conpared to the RO process.
The overall inpact on the storage subsystem is small (less than
50 kg). The grlnary wei ght difference between the two cases is
nDstIy attributed to the weights of the RO and MFprocesses with
t he ROHW weighing about 100 kg nore than the MFHW

The power denmands for RO and M- areconpared in Figure V-16. The
MF shows a power decrease relative to the RO process of over 300
watts at the SFE level. This difference accounts for the entire
difference at the systen1|eve| I.e., the choice between RO and
MF limts their conparison at the sre | evel since neither of them
have any inpact on other SFES or subsystems with respect to power
denmand

An option for RO would be to route the ro brine to urine

processing thereby increasing the overall H,0 recovery dependi ng
on the recovery rate of the urine processing technol ogy sel ected.
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7. Urine Processing Technol ogy Trade

Thernmoel ectric integrated nenbrane evaporation system (Tl MES)

t echnol ogy, as the baseline for urine processing, was conpared in
terns of the inpact of substitution with vapor conpression
distillation (vCD), vapor phase catalytic anmmonia renoval

(VPCAR), and air evaporator (AIRE) processes in Figures V-17 and
vV-18.

Water recovery rates for the TIMES baseline, VCD, VPCAR, and Al RE
range from 90% for VCD and VPCAR to 99.9% for the AlRE process,
respectively, resulting in small differences in storage subsystem
wei ghts relating to makeup water requirenent. Makeup water for
the TIMES baseline is 0.8 kg per day for a crew of 4; for VCD,
VPCAR, and AIRE, the makeup rates are 1 .5, 1.4, and 0.7 kg per
day, respectively. Wile the AIRE has the highest water recovery,
there is a significant weight associated with the use of w cks as
a nonregenerable chem cal supply that amounts to 0.6 kg per day.
The overall weight effect is that the 7IMES and Al RE cases are
simlar and the VCD and VPCAR are slightly higher due to | ower

wat er recoveries.

Power demand shows the AIRE and the VPCAR processes requiring
about 100 watts more than the TIMES and the VCD for the urine
processing SFE. VPCAR al so requires slightly nore power fromthe

AR subsystem as it requires additional oxygen generation for NH,
oxi dati on.
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8. Sol i d Waste Treatment Technology Trade

The basel ine system does not use solids waste treatnent. In
Figures V-19 and V-20, it is conpared to subsystem wei ght and
power demand for freeze drying (Fp), thernmal drying (rD),
combustion (COMB), wet oxidation (WOX), and super critical water
oxi dation (scwo) .

System wei ght increases over the baseline are 260, 60, 90, 170,
and 280 kg for FD, TD, COVB, WOX, and scwo, respectively. For the
FD and TD processes, the weight increases are nostly attributed
to the weight of the drying equi pnent, as shown in Figure V-19.
The drying processes produce water condensate that nust be
treated in the WM subsystem |n the case of the oxidation
processes, additional condensate is produced by the oxidation of
organic solids. The co, and trace pollutant gases released by

oxi dation are considered to be a concentrated polluted gas stream
that nust be treated by trace contaminant control in the AR
subsystem for pollutant oxidation, carbon rejection, and oxygen
recovery. Hence, the oxidation processes affect both the WM and
ARFubsystenB, while the drying processes inpact the Wisubsystem
only.

For the SCWD process, it has been reasonably assuned that the

condensate produced fromthe process can be routed directly to
the potable water bus where it could be mxed with other water
produced from the WM subsystem such that an acceptabl e average
water quality for potable water is achieved.

Storage subsystem weights are slightly higher (about 40 kg) than
the baseline for the drying processes. The weight savings In
makeup water is offset by the additional chem cal supplies
required for the sw and WM subsystens. For the oxidation
processes, the storage subsystem weights are higher by 110 kg for
COMB and WOX and by only 50 kg for the SCWD process. Similar to
the drying processes, the savings in nmakeup water weight is
offset by the additional chem cal supplies for SW' and WM
subsystens; for SCWO, no additional chem cal supplies for WM is
required as its condensate is sent directly to the potable water
bus w thout having it processed in the WM subsystem However,
since the oxidation process requires additional gas processing,
storage wei ghts of several waste gases (such as ©,, CO,, H,, and
Concentrated Polluted Gas Mix) are slightly increased.
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| ncreases in power demand over the baseline are 1580, 700, 950,
910, and 920 watts for FD, TD, COVB, WOX, and scwo, respectively.
The additional power demands attributed to the SW subsystem

al one are 1490, 600, 330, 290, and 370 watts, respectively. For
the drying processes, the power increases are predoninantly due
to the drying Brocesses thensel ves with a slight contribution
fromthe WM subsystem for processing of additional water
condensate. For the oxidation processes, nore than half of the (
power increase can be attributed to the additional gas processing °
required of the AR subsystem the power demand for oxidation -
contributes slightly less than half of the additional power
required. For COMB and WOX, there is a slight additional power
demand on the Whsubsystem similar to the drying processes; for
SCwWo, there is no additional |oad placed on the WM subsystem as
its product condensate goes directly to the potable water bus.

Surplus Water and Food-Water

Feed to the SWI subsystem includes feces fromthe human habit at
l and brines fromthe Wisubsystem All. SW cases provide for
addi tional water recovery leading to a surplus of water devel oped
which nust be trashed. For the drying processes (FD and TD), the
surplus anounts to s57kg per day for a crew size of 4 Table V-2
l illTustrates a metabolic balance for a crew size of 4. Note that
' the ratio of food-water content to dry-food constituents is 1.83.
Wth this quantity of water contained in the stored food, there
I is an excess of water produced as a result of using solids waste
processing. |If it is assumed that stored food can be reduced
significantly to |l evels such as freeze-dried food, then the
l wei ght of stored food and the amount of excess water produced
will decrease accordingly.
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Tabl e V-2.

Met abol i ¢ Bal ance for
(1.83 food-water-to-dry-food ratio)

Crew of 4:

INPUTS: CARBON |HYDROGEN | OXYGEN INITROGEN |ASH TOTALS
kg) (ka) (k@)__ | (kg) (kg) (kg)
1. DRY FOOD
Protein, C4H50N 0.3080 0.0324 |  0.1028 0.0896 0.5328
Carbohydrate, C6HI 206 0.5956 __O.loot| 0.7936| - 1.4892
Fat, C16H3202 0.3432 0.057€| 0.0572 0.4580
Minerals, Ash 0.0380| 0.0380
2. LIQUIDS (WATER) , [
Drink 0.7208 57192 _ 6.4400
Food Preparation 0.3536 |~ 2.80064| 3.1600
Food Water Content (1 .83*dry food) 0.5148 | 4.0852| 4.6000
3. GASES _ B
Oxvaen 3.3436| 3.3438
INPUTSUMS 1.2468 1.7792| 16.9080) 0.0896| 0.0380| 20.0616
OUTPUTS: e
1. SOLID WASTES 1
Unne,C2H602N2 0.0640/ _ 00160 0.0852 0.0748 0.0308 0.2708
Feces, C42H69013N5 | 0.0708 0.0096| 0.0292f ~ 0.0096| 0.0072| 0.1264
Sweat,C13H28013N2 0.0296 0.0056 | 0.0396]  0.0052 0.0800
2. LIQUIDS (WATER) 1
Urine 0 6776| 53764] 6.0540
Feces 0.0408| 03254 0.3632
Sweat & Perspiration _1.029¢| 8.1716| 9.2012
3. GASES o
Carbon dioxide 1.0824 2.8836| \ 3.9660
OUTPUT SUMS 1.2468 1.7792| 16.9080(  0.0896| 0.0380| 20.0616
Potable water recycled: . 1.0744| 8.5256| _ 9.6000
Potable water with stored food: 0.5148| 4.0852| 4.6000
Total water in: 1.5892| 12.6108| 14.2000
Total water out: 1.7480| 13.8704| 15.6184
Net water metabolized: 0.1588 1.2596| 1.4184
= = + -
Excess water produced (HDfil ™ T6418]| 50940] 5. 7358
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Lowering the Food Water Content:

Table v-3 shows the same metabolic balanceusing a ratio of 0.01
food-water-to-dry-food (0.01 is used here for illustration
urﬁoses and is not neant as a suggested food conposition). In
oth tables, the crew is ingesting the same water and“food and
producing the sanme outputs. Decreasing the food water content
requires an increase in the recycled potable water from9.6 to
14.2 kg per day while decreasing the excess water produced from
5.7 kg to 0.5 kg per day if thermal drying is used for solid
waste treatnment. Note that 1.4 kg of water are created
nmetabolically regardless of the food water content.

For the oxidation processes, the surplus is 6.2 kg per person day
for the higher food water content. creating this surplus comes at
t he expense of weight and power. The oxidation processes
effectively create nore water by oxidizing the solids waste to
co,and H,0.
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Tabl e V-3.

Met abol i ¢ Balance for

Crew of 4:

(0.01 food-water-to-dry-food ratio)

DNPUTS: jCARBON_,lH_XQROGEN OXYGEN_ |NITROGENjASH TOTALS
ko) | kg) | (ke) _ | (k@) | (k@) | (kg) |
1. DRY FOOD o
Protein, C4HS50N 0.3080 00324 0.1028|  0.0896 0.5328
Carbohydrate, C6H1206 0.5956 |~ “ - 0.1000 0.7936| 1.4892
Fat, C16H3202 0.3432 0.0576 |0.0572 0,4580
Minerals, Ash - — 0.0380] 0.0380
2 LIQUIDS (WATER) N -
Drink | "0j208 5.7192 | 6.4400
Food Preparation 0.8656 6.8692| 7.7348
Food Water Content (0.01 .dry food) 0.0028 0.0224| 0.0252
3. GASES -
Oxygen 3.3436| 3.3436]
INPUT SUMS 12468 _3.7792| 16.9080|  0.0896| 0.0380 _2@091&;
OUTPUTS:. - o ) |
1. SOLID WASTES _ l |
Urine, C2H6O2N2 0.0640 0.0160| 0.0852|  0.0748] 0.0308| 0.2708
Feces, C42H69013N5 ] 0.0708 0.0096 0.0292|  0.0096| 0.0072| 0.1264
Sweat, C13H28013N2 . 4_ 0.0296 __0.0056 0.0396| _0.0052 0.0800
2. LIQUIDS (WATER) o
Urine 06776| 53764| 6.0540
Feces 100408 0.3224 | 0.3632
Sweat & Perspiration 10296 (8.1716| 9.2012
3. GASES _ _
Carbon dioxide 1.0824 B 2.8836 3.9660
OUTPUT SUMS 1.2468]  1.7792| 16.9080|  0.0896; 0.0380| 20.0616
Potable water recycled: 15864 | 12.5884 | 14.1748
Potable water with stored foodt: -0nn28 0.0224( 0.0252
Total water in: 15892 | 12.6108| 14.2000
Total water out: - IT - L - _J'n || 138704 15.6184
Net water metabolized: l 1588 1259 | 14184
] - e |
Excess water produced (HD): [ _._00507/0.4039| 0.4{:,4(311
V-25




9. Equivalent System Penalty Weight Conparisons

By assigning a weight value to the incremental power required for
different life support technol ogies, an equivalent system weight
can be cal cul ated and conpared to the baseline technol ogy used.
For this report, a regenerative fuel cell technology [reference
V-1] has been assuned using a value of 3 watts/kg for the
increnental power. The life support system weight is added to the
equi val ent power weight to represent a total equivalent life
support weight. In this manner, penalties relative to the
basel i ne system wei ghts are conpared for air revitalization,

wat er managenent, and solid waste treatnent technol ogi es.
Penalties therefore represent additional nass that nust be lifted
to the lunar surface relative to baseline technol ogies used in
Case 1.

Air Revitalization Technol ogies:

Figure V-21 shows all of the AR technologies for the 4-

person/ 600-day m ssion. For the co, renoval processes, the

| argest penalty relative to the baseline 4Bw is associated wth
LioH. The 2BMS shows an advantage (negative penalty value) of 280
kg; most of these advantages are attributed to power.

For the co, reduction processes, SAB shows a significant weight
penalty relative to the Bosch baseline, while ACRS and CO2EL show
total. equival ent advantages of 80 and 500 kg respectively.

For the o, generation technologies, the WE shows a significant
total equival ent advantage of 600 kg relative to the SFWE
baseline. This advantage is nostly attributable to | ower storage
supplies for water processing of condensate; the WE process
effectively renoves noisture fromthe air, thereby reducing the
anount of condensate to be treated in potable water processing.
SPE is essentially identical to SFWE.
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l SYSTEM WEIGHT PENALTY COMPARISONS
EQUIVALENT WEIGHT PENALTY W.RT. BASELINE AR TECHNOLOGIES
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Figure Vv-21. Equivalent System weight Conparisons
l Air Revitalization Technol ogi es
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Wt er Managenent Technol ogi es:

Figure V-22 shows the total equivalent system penalties for all
of the wM technol ogies. For the potable water processes, the

wei ght di sadvantages are due to | ower water recoveries; since
brines are not processed in this configuration, unrecovered water
nmust be nade up from storage.

For the hygiene water processes, there is a penalty of using MF

relative to RO for using additional unibed material (which shows

up as a consumable item in the storage subsystem) . However, there
is a power advantage of the M systemthat roughly decreases the
di sadvantage of storage supplies by one-third.

For the urine processing technologies, equivalent power weights
are similar to the baseline at the systemlevel. Dfferences in

system | evel penalties for VCD anti VPCAR are attributed to water
recoveries. For the AIRE process, even though the water recovery

is nearly 100% there is a penalty associated with expendabl e
wicks amounting to over 200 kg.
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SYSTEM WEIGHT PENALTY COMPARISONS

EQUIVALENT WEIGHT PENALTY W.R.T. BASELINE WMATEECIHNQIL OGIES
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Wat er Managenent Technologies
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Solid Waste Treatnent Technol ogi es:

Figure V-23 shows the total equivalent system penalties for al

of the SWI technol ogies. The drying processes (FD and HD) and the
oxi dation processes (COVB, WOX, scwo) are conpared to the
basel i ne, which has no solid waste treatnent.

SWI' technol ogi es show total equival ent penalties ranging from 350
kg to over 1050 kg. As discussed above, by introducing SWI
processing, a surplus of clean water is produced; this surplus
coul d be reduced by decreasing the anount of water in stored
food. Power equivalent for the oxidation processes are similar
(300 kg); however, due to the reported ability of SCWD to create
near-potable quality water, system weight of the SCWO is | owest.

The weight advantage for SCWO is dependent upon the mission
duration and the assunption that SCWO condensate does not require
further treatment. At 90 days, the weight of the SCWOD hardware
dom nates any weight advantage gai ned by producing clean
condensate as shown in Figure V-24. At 90 days, the overall SCWO
system weight penalty (excluding the equival ent power penalty) is
480 kg; when the mssion length is increased to 600 days, the use
of SCWD results in the penalty decreasing to 50 kg over the
basel i ne as shown in Figure V-23. By increasing the m ssion
duration to 700 days, the system weight penalty for SCWD goes to
zero and becones an advantage. However, the power penalty woul d
still result in the SCWD having a total equivalent weight penalty
of about 300 kg. In order for SCWD to have a wei ght advantage,

m ssion lengths of about 1200 days for a crew size of four would
be required. However, if it is assumed that the SCWO condensate
requi res additional cleanup before being accepted as either

potable or hygiene water, then it is unlikely that any system
wei ght advantages w ||l be realized.
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SYSTEM WEIGHT PENALTY COMPARISONS
EQUIVALENT WEIGHT PENALTY W.R.T. BASELINE SOLID WASTE TREATMENT TECHNOLOGIES
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Solid Waste Treatnment Technol ogies
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SYSTEM WEIGHT PENALTY COMPARISONS
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VI. CONcLUS | ONS aNnD RECOMVENDATI ONS

1. Concl usions

As all of the regenerative technologies used in this study are
still under devel opment, conclusions concerning the best

t echnol ogi es nust be revisited following significant progress in
technol ogy devel opment. Hence, identifying a |ess-devel oped
technol ogy as having an advantage over a nore-devel oped

t echnol ogy nmust be seen only as identifying a potential advantage
that could be realized only by further investment in technol ogy
devel opment. Sone of the technologies are currently included in
t he design of the Space Station and therefore represent

consi derabl e technol ogical maturity. Some technol ogies are
conceptual in nature with varying degrees of uncertainty
assocliated with the data collected on these technol ogies; the
degree of data uncertainty is qualitatively represented by the
validity level ranking.

A baseline set of technol ogi es has been used agai nst which
conﬁariso_ns have been nade with a crew size of four. The baseline
t echnol ogi es are:

Air Revitalization Subsystem

Co, Renoval : Four Bed Mblecular Sieve
€O, Reduction: Bosch
0, Generati on: Static Feed Water Electrolysis

Wat er Managenent Subsystem

Potabl e Water Processing: Miltifiltration

Hygi ene Water Processing: Reverse Osnpsis

Urine Processing: Thermoel ectric Integrated

Menbrane Evaporation System

Solid Waste Treatnent Subsystem

Dryi ng: None

Oxi dat i on: None .

For the 21 regenerative cases run (Case 6, using |ithium
hydroxi de is considered nonregenerative), overall regenerative
system wei ghts vary froma -5to a +9 weight%relative to the
basel i ne wei ght of 4060 kg for 90 days; for 600 days, the
variation fromthe baseline weight of 13,920 kg varied froma -4
to a +10 weight% For the nonregenerative case where |ithium
hydroxi de was used for CO,removal, the system weight penalty was
7 weight% for 90 days and 32 weight%for 600 days.
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Overal | system power varied froma -8%to a +29% relative to the
basel i ne power of 5470 watts (excluding the nonregenerative Li OH
case) . When conparing only air revitalization and water
managenent technol ogies, the variation narrows to -8 to +6%

Regenerative technol ogi es show ng significant weight advantages
i nclude co, electrolysis/Boudouard and water vapor electrolysis.
Regenerative technol ogi es show ng significant power advantages
include two bed nol ecul ar sieve, electrochenical depolarized
concentrator, solid amne water resorption, co, electrolysis/
Boudouard, and multifiltration hygiene water.

When power i s equated to equivalent weight (3 watts/kg for a
regenerative fuel cell system) and added to the system wei ght,
the two bed nolecul ar sieve, co, electrolysis/Boudouard, and
wat er vapor electrolysis have advantages over the baseline for
| ong durations.

For m ssion durations bel ow 700 days, there are no overall weight
advant ages realized by solid waste treatnment processing. The
decision to include solid waste treatment nust therefore be based
on considerations other than system wei ght reduction. For m ssion
durations beyond 700 days, supercritical water oxidation
technology is attractive relative to the baseline as it may
produce a high quality water condensate. However, the high power
and safety issues arising fromthe high pressure operation of the
supercritical water oxidation nust be bal anced against its weight
advant ages. Total equival ent wei ght advantages of supercritical
wat er oxidation relative to the baseline would require extrenely
| ong durations of over 1200 days.

Table VI-1 sunmarizes advantages, disadvantages, and validity

| evel s of the technology choices for the CO, removal, CO,
reduction, and 0, generation functions.
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Table VI-1. Conparisons of Air Revitalization
Subsystem Technol ogi es
SFE TECHNOLOGY ADVANTAGES DISADVANTAGE VALIDITY
LEVEL
CO, Removal FourBadMolecular Maturity; Space SFE Power 3
Sieve Station
development - -
- Two Bed Molecular SFEweight Maturity 4
Sieve S FEpower
. Electrochemical SFE power Effect on AR power 4
Depolarized Maturity
Concentrator H2  Required
"o Air Polarized Maturity T
Concentrator
. Solid Amine Water SFE powet Effect on WM- 1
Resorption consumables
Maturity
"o Lithium Hydroxide SFE power; Nonregenerative, 3
AR power; consumables
Maturity
CO, Reduction Bosch Carbon and Catalyst activity 3
oxygen recovery Consumable
canister _
"o Sabatier Maturity: Space Effect on AR subsys 3
Station development High H, to CO, ratio
SFE simplicity
.- Advanced Carbon Low consumables Maturity 4
Reactor System 1 wo reactors, compl
.- CO2 Electrolysis/ Produces oxygen; Maturity T
Boudouard Low consumables HighSFEpower
due to WM
subsystem effect;
LowARPower
02 Generation Static Feed Water Maturiiy:Space High SFE power 3
Electrolysis Station
development
Water Vapor LowSFEand Maturity 7
Electrolysis AR subsystem
power;
Low consumables
due to WM
subsystem effect
- " Solid Polymer Stable long term cell Slightly higher SFE 7
Electrolyte activity;
Maturity (submarines)_ o
Note: SFE = Subsystem Functional Element

r Revitalization

= A
= Water

Managenent
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Table VI-2 summarizes advantages,
| evel s of the technol ogy choices for the potable water

disadvantages and validity

processing, hygiene water processing, and urine processing
functions.
Table VI-2. Conparisons of Water Managenent
Subsystem Technol ogi es
SFE TECHNOLOGY | ADVANTAGES DISADVANTAGES VALIDITY-.
LEVEL

Potable Water
Processing

Muttifitration

H,0 recovery
Maturity: Space
Station development

Consumables

Reverse Osmosis

Low consumables;
Maturity (H,0
desalinization)

Electrochemical
Deionization

H,O recovery

H20 recovery

Maturity;
SFE Power

Hygiene Water
Processing

Reverse Osmosis

Maturity: water
desalinization

Power

Multifitration

Maturity Space
Station
development;
H,0 recovery

Consumables

Unne Processing

Thermoelectric
Integrated Membrane
Evaporation System

H,0 recovery

Maturity,
Membrane fouling

Vapor Compression
Distillation

Maturity: Space
Station development

Complexity (mechanical)

o Vapor Phase Catalytic | Volatiles treatment H20 recovery;
Ammonia Removal SFE power,
Maturity _
Air Evaporation High H,0 recovery Maturity;
__ | Consumables
Note: SFE Subsyst em Functional El enent
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Table VI-3 sunmarizes advantages,

disadvantages and validity |evels
of the technol ogy

choi ces for-the drying and-oxidation functions

within the solid waste treatnent subsystem
Table VI-3. Conparisons of Solid Waste Treat nent
Subsystem Technologies
SFE TECHNOLOGY ADVANTAGES DISADVANTAGE ¢ VALIDITY
L E V E L
Drying Freeze Drying Condensate quality; Maturity; 7
Maturity (other SFE weight;
medical lab SFE power,
applications) Unreacted solids
_ disposal
" Thermal Drying Potential to use low Condensate purity; 7
grade heat Maturity;
SFE weight,
SFE power,
Unreacted solids
disposal —
Oxidation Combustion Low pressure; Maturity; 7
Minimizes hazardous SFE weight;
solids SFE power;
High temperature;
_Condensate quality
" Wet Oxidation Maturity (other waste High pressure; 7
water applications); Maturity;
Minimizes hazardous | SFE weight,
solids SFEpower
" Super Critical Water Condensate quality; High pressure; 7
Oxidation Minimizes WM High temperature;
consumables; Maturity;
Maturity (other waste SFE weight;
water applications); SFE power
Minimizes
hazardous solids;
Nearly complete
organic destruction _
Note: SFE = Subsystem Functional El enment
AR = Air Revitalization
W = Water Managenent
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2. Recommendati ons

The follow ng recomendati ons are based on the authors’
observations not only during the performance of this study but
al so as the LiSSA tool was being devel oped:

1. As technologies are funded for development, itis
important to require contractors to generate and report data
that can be utilized for quantitative technology
comparisons. Estimates of heat and material balances,
equipment weights, power , volunes, and scaleup paraneters
shoul d be a part of the technol ogy devel opnent effort. It is
suggested that NASA technical nmonitors add a “NASA
Perspective” summary page to the 1inal report such that any
overly optimstic or conservative estinates or perfornmances
can be identified.

2. In general, technology development directions should be
aimed at reducing the weight of resupplies. Nonregener abl e
supplies inpose additional weight to be carried by a
spacecraft plus additional manpower required for resupply
operations.

3. Technology development should be directed to outperform
thecurrent best technology or a carefully selected baseline
t echnol ogy. Baseline technol ogi es should be identified that
have wel | docunmented wei ghts, power usage, volune, feed and
product characterizations, in addition to quantitative
scaleup procedures.

4. Basic research should be directed towards identification
and use of lighter materials ofconstruction,minimization
or elimination of resupplies, and minimization of power
demand. Basi ¢ research is needed, for example, in the
regeneration of sorption beds and nenbrane fouling for water
purification, and Bosch carbon deposition kinetics and
catalysts for air revitalization

5. The effects of process dynamics on technology trades
should be examined. Most of the processes |nvestigated do
not operate in a continuous node and nust deal with
fluctuating feed rates and conpositions. However, processes
that can be designed to be continuous tend to be lighter and
energy efficient. |f the dynamcs of the process and the
fluctuating feed rates and conpositions can be nodel ed so
that effective control strategies are possible, the

advant ages of a continuous process design can be realized.
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6. Systems analysis is an iterative and continuing process
throughout the technology development eye-l e from concept
evaluation to m SSi on readi ness. By stepping back again and
again to obtain a systemview foll ow ng tec%nol ogy
selections for further developnent. or mission System design,
systens anal ysis enabl es significant cost reductions in
devel opi ng, designing and commissioning any conplex system
Li SSA I1s such an analysis tool for physical-chemcal life
support systens.

7. Life support systems analysis should be extended t o

i ncl ude biological systens and in situ resource utilization
systens so that technol ogies pertaining to these systens can
be traded for assessment of systeminpacts. The nodul ar and
architectural construction of LissA lends itself to
performng these trades [Reference ES-I]. In addition,
future trades should include power and propul sion systens to
conplete the picture for mssion and project planners.
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APPENDI X A
DESCRI PTI ON OF Li SSA TOOL

The potential conmplexity of future |life support systens for
manned m ssions necessitates the development of the appropriate
systens analysis capability within Nasx as a guide to technol ogy
and systens devel opment (Evanich et al., 1991) . The life support
system (LsS) nost appropriate for a given human exploration of
outer space nust be chosen from candi dates ranging froma very
sinmple, nonregenerative LSS to a very complex, integrated
physi cal -chem cal, and possibly biological, closed-loop LSS.
There are many regenerative processes that are potentia

candi dates to provide a particular function as part of the
overal | LSS. To synthesize an LSS, all of the processes nust be
integrated to performcertain generic life support functions such
as air revitalization and water recovery.

A QWS architecture has been devel oped to enabl e synthesis,

anal ysis, and eventual selection of system and technol ogy options
for .defined m ssions. The architecture consists of a nodul ar

t op-down hi erarchical break-down of the physical-chem cal closed
| oop life support (P/C cLLs) systeminto subsystens, and a
further break-down of subsystens into subsystem functiona

el ements (SFEs) representing individual processing technol ogies.
This approach allows for nodul ar substitution of technol ogies and
subsystens and for the traceability of paraneters through all the
hierarchical l|evels, which is useful in conparing systens or
technol ogi es rapidly and accurately. The GMFs is the centra
feature utilized by the Life Support Systems Analysis (Li SSA)

tool created by JPL as illustrated in Figure A-1.

A series of papers, describing the technique and results, titled
“Human Life Support During Interplanetary Travel and Dom cile”
(Parts 1,11,111, IV, and V), have been presented at recent

I nternational Conference on Environmental Systens (| CES)

meetings. (It should be noted that the acronym 1LissA was adopt ed
in early 1992 and therefore will not be found in earlier papers. )
Anot her paper presented at the 21st | CES conference described
har dwar e scaleup procedures used in the Li SSA trade tool (Rohatgi
et al., 1991a). A paFer was presented at the March 1993 Anmerican
Institute of Chem cal Engineers nmeeting that illustrated how the
tool can be utilized to do technol ogy trades and system

optim zation investigations.




LiSSA APPROACH AND CALCULATION SCHEME

A schematic of the LiSSA methodology isgiveninFigure A-1. To
initiate the analysis, the system matrix, technology matrix,

system specifications, and mission specifications are first
chosen. g

The system matrix includes the types of |ife-support systens that
are of interest. It could include non-waste-processing, open-loop
systens, systens that process cabin air for carbon dioxide -
removal only, and closed-1oop systens with varying degrees of

cl osure of the oxygen and water |oops. “Closing the |oops” for
oxygen and water 1s acconplished by processes that regenerate
pure oxygen and clean water from waste streans generated by the
crew. The ampbunts of oxygen and water regenerated depend on the
efficiency of the regeneration processes selected for the system

The technol ogy matri x includes the processing technol ogies that
would be utilized to regenerate oxygen and water. Fromthis
matri x, a baseline set of technol ogies can be chosen for
configuring the various systens in the systemmatrix. Currently,
this includes technol ogi es under consideration for Space Station
Freedom (ssFr) and sone additional advanced technol ogies.

System specifications include netabolic and hygiene inputs and
outputs pertaining to the crew. These specifications are required
as input parameters to the GWS nodule integration and conputer
simulation. M ssion specifications are required as paranetric
Inputs to the Li SSA Trade Tool

For all the technology candidates considered, performance data
nmust be acquired and utilized to nodel technol ogi es as nodul es
usi ng the ASPEN PLUS chem cal process sinulation package. Once
all the ASPEN PLUS nodules are witten, they are stored in an
insert library. The npbdul es are integrated into the QWS
architecture by calling themfromthe library using insert
statenents in the ASPEN input file. The complete I nput-code
package represents the Li SSA Sinulation Tool to produce output as
an Anerican Standard Code for Information |nterchange (ASCII)
file (wwth the ».prRN extension) that is used as input to the

Li SSA Trade Tool .

The link between the LiSSA Simulation Tool and the LiSSA Trade
Tool is accomplished by a spreadsheet macro which processes and
loadsthe ASCII file from the sinulation output into the Trade
Tool . The Trade Tool uses sinulation output, mission specifi-
cations, and JPL-devel oped scaleup fornmulas for weight, power,
and volunme. The entire spreadsheet represents the systens
analysis output with a variety of tables and graphs.
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APPENDI X B
DESCRI PTI ONS AND PROCESS rLow SCHEMATI CS
OF PHYSI CAL/ CHEM CAL LI FE surporT TECHNOLOG ES

The Subsystem Functional Element (Sre) functions included in this
Appendi x are co, renoval, Co, reduction, and o, generation for the
alr revitalization (AR) subsystem potable water (PW processing,
hygi ene water (HW processing, and urine processing for the water
managenent (wM) subsystem and drying and oxidation for the solid
waste treatnent (SWr) subsystem Data sources for technol ogies
are given in Tables I1V-2, 1V-3, and IV-4. Functional schematics
and brief descriptions of the technol ogies used for the trades
presented in the report are included.
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Process Fl ow Schematic for Four-Bed Ml ecul ar Sieve

The Four-Bed Molecular Sieve(4BMS) removes CO, from the inlet
air stream via an adsorption process. Water is renoved from the
inlet air streamin an adsorbent bed packed with a m xture of
silica gel and zeolite 13x. The dry air streamis then cool ed and
fed to a co, adsorbent bed packed with zeolite 5A. Additionally,
previously adsorbed water and CO0,sorbent beds are in a
resorption cycle. Desorbed water is used to rehydrate processed
air, and desorbed co, is punped to an accunul ation tank. Dotted
l'ines denonstrate flow for adsorption/desorption cycling
initiated when the adsorption capacity of a bed has been reached.
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Process Fl ow Schenmatic for Two-Bed Ml ecul ar Si eve

The Two-Bed Mol ecul ar Sieve (2BMsS) renoves co, from the inlet

air streamvia an adsorption process usi ng a carbon nol ecul ar
sieve (CMS) . Unlike the zeolites of the 4BMS,theCMSis not
affected by the moisture in the process stream The 2Bwms
elimnates the requirenment of desiccant beds; i addition. it

al so desorbs at a | ower tenperature than zeolites, t ereBy
reduci ng regenerating power requirenents. Dotted |ines
denonstrate flow for adsorption/desorption cycling initiated when
t he adsorption capacity of a bed has been reached.
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Process Flow Schematic for

The El ectrochem cal

cabi n ai

r in an el ectrochem ca

El ectrochem ca

T

B2

Concentr at or

Depol ari zed co,

Depol ari zed co, Concentrator (ED) treats

cel | .

Air containing Co, passes

t hrough the cathode of an electrochemcal cell utilizing an

aqueous electrolyte.

is rel eased.

rel eased:;

t her mal

heat and el ectri cal
The process requires a bl ower,

cont rol

_ yte. The co, diffuses to the electrolyte-air
interface where it is absorbed and reacted with hydroxyl (OH)
ions to form carbonate (co,) and bicarbonate (xHco,) i0NS. The
carbonate and bi carbonate ions mgrate to the cathode where C0,

assenbly to renove heat from the cell.
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Process Flow Schematic for Air Polarized co, Concentrator

The Air Polarized co, Concentrator (APC) conbi nes an

el ectrochem cal co, separation nodul e (EcsM) and an

el ectrochem cal 0, separation nodul e (kosM) to renove co, from
cabin air. The ECSMis sinmilar to the el ectrochenm cal cell used
in the ED process; co, diffuses to the electrolyte-air interface
where it is absorbed and reacted with hydroxyl (OH) ions to form
carbonate (C03) and bicarbonate (HCO3) i ons. The carbonate and

bi carbonate ions mgrate to the cathode where co, i s rel eased.
However, H,is not supplied to the ABC process; some of the o, in
the air mgrates via the electrochem cal process to the anode
where it is evolved with the CO,. The 0, and co, are fed to the
EOSM to renove nost of the o, fromthe co, stream using an
acid-electrolyte cell. The process requires a blower, fluids
control assenbly, and a thermal control assembly to renove heat
simlar to the ED process.
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Process Flow Schematic for Solid Am ne Water Resorption

The Solid AmineWater Resorption process (SAW) renoves co, from
the inlet air streamvia an adsorption process. Dotted |ines
denonstrate flow for adsorption/resorption cycling initiated when
t he absorption capacity of a bed has been reached. Steamis used
to desorb the co, fromthe am ne bed. During co, absorption, {
C0,repl aces the adsorbed HO fromthe previous resorption cyclnﬁ

t he water removed fromthe bed places an additional [oad on the
tenperature and humdity control subsystemas it nust condense
the water vapor. Regeneration can take place at cabin pressure:
|.e., vacuum conditions are not required.
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LIOH CARTRIDGE

Process Flow Schematic for Lithium Hydroxi de €O, Renbva

This process uses a nonregenerable LiOH cartridge to renove Co,.
The cartridge consists of a radial flow cylindrical cartrid?e
containing LiOH which is designed for ease of replacenment affer

t he absorber capacity has been reached. The cartridge al so
contains activated charcoal to control trace contaminant
constituents in the cabin atnosphere. Cabin air enters the

cani ster through a center tube and flows radially fromthe center
t hrough the charcoal bed where odor is renoved, then through the
LiOH, and finally through a particulate filter for dust renoval
before exiting the canister. Efficient absorption of co, involves
an initial H,0 absorption to form lithium hydroxi de monohydrate
(LiOH-H,0); this is followed by absorption of co, by the
nonohydrate fornming the final carbonate (ri,co,) and re| easing
#20. The overall process actually is a net producer of HO and
eat .
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Process Flow Schematic for Bosch Reactor

The Bosch process reacts €O, Wi th hvdroaen in the presence of a
steel wool catalyst to produce solid carbon and potable water.
Less than 10% of the input co, is reduced with a single pass

t hrough the Bosch reactor, but 100% conversion can be obtained by
recirculating the process gases with continuous deposition of
carbon and renoval of water. co, is directly reduced to carbon
and water at 650°C in an expendaﬁ e cartridgé with iron catalyst.
Two such reactors are required to maintain continuous operation
and allow for cartridge replacenent.
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Process Fl ow Schenmatic: for Sabatier Reactor

C0,is methanated withH,0 at temperatures from 180°C to 530°C in
the presence of a ruthenium catalyst on a granul ar substrate. The
reactor produces CH4 and HOwithastoichiometric reactor f eed
ratio of 4 noles Hto 1 nole of co,. The reactor itself is

equi pped with electric start up heaters. ‘I’he methanation reaction
Is exothermc; reactor feed gas enters one end of the reactor and
flows down a central tube where it IS regeneratively heated by
the reactor product gases. The reactor is designed so that the
feed gases flow back down the catal yst bed which is | ocated in

t he annulus between the center tube and reactor housing. The
reactor is designed to create a favorable tenperature profile
wth high tenperatures in the catalyst bed inlet (260° to 430°C)
and | ower tenperatures in the outlet (90° to 260"C) . The gases

| eave the reactor between 90° and 150°c and are cooled to

condense and separate the H,0 vapor product. The reactor includes
air cooling to prevent overheating at elevated c0, reduction
rates.
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Process Fl ow Schematicf or Advanced Carbon Reactor System

The Advanced Carbon Reactor (ACR) system consists of a Sabatier
reactor, a gas/liquid separator to remove product water from
methane, and a carbon formation reactor (CFR) to reduce nethane
to carbon and hydrogen. In the Sabatier reactor Cco, is reacted
wi th hydrogen in the presence of a ruthenium catalyst on a
granul ar substrate. Operating tenperatures range from 100° to
600°C, and reactor efficiency 1s greater than 98% \ater from
t he produce streamis then renoved with a gas/liquid separator,
and the methane is reduced to carbon and hydrogen in an
expendabl e CFR cartridge. Two such reactors are required to
mai ntai n continuous operation and allow for cartridge

repl acenent.
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Process Flow Schematic for co, Electrolysis/Boudouard

The CO, Electrolysis/Boudouard (CO,EL/BD) process conbi nes two
SFE functions: co, reduction and O,generation. co, is
electrolyzed using a solid oxide electrolyzer proéluci ng o, and
CO COis then catalytically deconposed into solid carbon and co,
via the Boudouard reaction; co, is recycled back to the
electrolyzer. Since this process generates o, directly from co,,

t hereby reducing (or elimnating) the oxygen generation via water
el ectrolysis, the need to clean condensate for water electrolysis
can be reduced al so.
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Process Flow Schematic for Static Feed Water Electrolysis

TheStatic Feed Water Electrolysis (SFwr) process el ectrolytes

water to produce H, and O,. Water is fed to the feed conpartment
where it diffuses as a vapor through the water feed nmenbrane and

into the anode. The cell electrolyte is an aqueous KOH held on a
retention matrix. H, and 0, are generated in the cathode and
anode, respectively. N, is used for purging and pressurization
purposes. Nornal operating conditions are 80°C and 12 atm
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Process Flow Schematic for Water Vapor Electrolysis

The Water Vapor Electrolysis (wve) uses a hydroscopic electrolyte
(H,S0,) to absorb H,0 vapor fromthe cabin air and generate o,
Htions, and electrons in the anode conpartment. At the cathode,
H+ ions are joined with electrons to generate H,.
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Process Flow Schematic forSolid Polymer Electrolyte

TheSolid Polyner Electrolyte (spe) uses a nenbrane nade of
sulfonated perfluoro-linear polynmer (NAFION) . When fully hydrated
with H,0, the nenbrane is an excellent conductor and functions as
the electrolyte. Deionized and cooled H,0 is fed to the anode
where it is deconposed to 0, H+ ions, and el ectrons. The

el ectrons travel through the external electrical circuit to the
cathode, while the Ht Tons mgrate from anode to cat hode by
passing between the fixed, hydrated sulfonic acid groups. The H+
ions and el ectrons reconbine’on the cathode to evolve as H,. pgt
H and o0, evol ved gases contain water droplets that are separ a?e(?
fromthe gas phase. The recovered liquid H,0is returned to the
anode from H,0 accumul ators. A reconbine catalytically reacts 0,
in the H, that may occur due to O,to Hcross-leakage.” The SPE
cell operates at 500°C and 14 atmon the 0, side; the Hside is
at a lower pressure than the o, side. n, is provided to maintain
0, pressures above H, pressure and for purging purposes.
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Process Flow Schematic for Multi filtration for Potable Water
Processi ng

The Multifiltration Systemis designed to produce potable quality
wat er using expendabl e adsorption beds to renmove both dissolved
and ionic Inpurities. \Water entering the process is first heated
to 125°C and sterilized for 40 mnutes; it is also filtered to
remove any bacteria and particulate present. Flow is then
directed to a series of six unibeds conposed of an adsorption bed
contai ning activated carbon and an ionic exchange resin bed
operating at 25° to 45°C; the goal is to have an effluent with a
total organic carbon concentration of 500 ppb or |ess.

Eventual Iy, the first bed reaches storage capacity and is

removed.  The renmmining beds are noved up to fill the gap, and a
fresh bed is placed at the end of the series. crobial arow h
i's inmpeded by heating and chemcally treating th% processgd wat er
at simlar tenperatures and residence times as the first
heater/filter.  Downstream of the unibeds iodine is injected into
the process stream . The streamis then passed through an

al cohol sorbent bed for the purpose of renoving | ow nol ecul ar

wei ght al cohol s.
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Process Fl ow Schematic for Reverse Osnpsis for Potable Water
Pr ocessi ng

TheReverse Osnosis (RO process for potable water processing is
designed to renove both dissolved and ionic inmpurities. Water
entering the process is first heated to 125C and sterilized for
40 mnutes; it is also filtered to renmove any bacteria and
particulate present. Flowis then directed to an RO nodul e t hat
operates at 13 atm and 45°C. Brine is flushed fromthe system
several tines per day. The perneate is passed through an al cohol
sorbent bed used to renove | ow nol ecul ar wei ght al cohol s.

M crobial growh is inpeded by heating and chemcally treating
the processed water at simlar tenperatures and residence tines
as the first heater/filter.
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Process Flow Schematic for El ectrochem cal Deionization for
Pot abl e Water Processing

The Electrodeionization (ELDI) process Utilizes ion exchange
resins and nenbranes to deionize feed water. The ionpure

dei oni zer contains ion exchange nmenbranes that act as barriers to
bul k water flow. The deionizer is divided into three adjacent
conpartments: a diluting conpartnment bordered on either side by a
concentrating conpartnent. Feed water enters the diluting
conpartnent (after pretreatnent of the feed water by the

nul timedia filter, organic scavenger, and softener) , which is
filled with the ion exchange resins, transferring through these
resins in the direction of an electrical potential gradient
applied across the conpartments. pDue to the Se”ipefneabi|itY.
properties of the ion exchange nmenbranes and the directionality
of the potential gradient, ion concentration will decrease in the
diluting conpartnent and increase in the concentrating
conpartments. The systemoutputs brine fromthe concentrating
compartments and purified deionized water fromthe diluting
conpartnent. The ion exchange resin is continually electrically
regener at ed.
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Process Flow Schematic for Reverse Osnosis for Hygiene Water
Processi ng

water using a conbination of an Utrafiltration (Ur) Mdule (t
remove suspended solids, colloids, and macromolecules), a RO
nodule (to renove salts and conpounds w th molecular weights
>100) , and expendable adsorption beds to renove both dissolved
and ionic inpurities fromthe RO pemeate. The process is similar
tothat used f or potable water processing with the exception of
the | ack of al cohol sorbent beds, the addition of the UF Mdul e,
and the type of material in the Unibeds. Water entering the
process is first heated to 125°C and sterilized for 40 m nutes;

It is also filtered to renove any bacteria and particul ate
present. Flow is punped to the ur Module with UF perneate
entering the RO nodule. Brines from UF and RO are recycled and
purged periodically. Flowis then directed to a series of six

uni beds conposed of an adsorption bed containing activated carbon
and an ionic exchange resin bed operating at. 25° to 45°C; the

goal is to have the effluent reach a total organic carbon
concentration of less than 10 ppm Eventually, the first bed
reaches storage capacity and is removed. T h e remaining beds are
noved up to fill the gap, and a fresh bed is placed at the end of
the series. Mcrobial growh is inpeded by heating and
chemcally treating the processed water at simlar tenperatures
and residence times as the first heater/filter. Downstream of
the uni beds, iodine is injected into the process stream
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Process Flow Schematic for Multifiltration for Hygi ene Water
Pr ocessi ng

The Multifiltration System is designed to produce hygiene quality
water using expendable adsorption beds to renove both dissolved
and ionic inpurities. The process is similar to that used for
pot abl e water processing with the exception of the |ack of

al cohol sorbent beds and the type of material in the unibeds.
Water entering the process is first heated to 125°C and
sterilized for 40 mnutes; it is also filtered to remove any
bacteria and particulate present. Flowis then directed to a
series of six unibeds conposed of an adsorption bed contai ni ng
activated carbon and an ionic exchange resin bed operating at 25°
to 45°C; the goal is to have the effluent reach a total organic
carbon concentration of |less than 10 ppm Eventual |y, the first
bed reaches storage capacity and is removed. The remaining beds
are moved up to fill the gap, and a fresh bed is placed at the
end of the series. Mcrobial growth is inpeded by heating and
chemcally treating the processed water at simlar tenperatures
and residence tinmes as the first heater/filter. Downst r eam of
the unibeds iodine is injected into the process stream  The
streamis then passed through an al cohol sorbent bed for the

pur pose of removing | ow nol ecul ar-wei ght al cohol s.
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Process Flow Schematic for Thernoel ectric Integrated Menbrane
Evaporati on Subsystem

The Thermoelectric Integrated Membrane Evaporation Subsystem
(TIMES) is designed to produce hygiene quality water from uri ne
waste water attaining a 95% water recovery efficiency. BRefore
entering TIMES, wurine is chenically pretreated to fix free
ammonia.  After pretreatnment, the waste water streamis first
heated and then passed through hollow fiber nenbranes for
evaporation at |ow tenperatures. The evaporator consists of siXx
bundl es of 100 Nafion tubes each. Steam evaporates from the
outer surface of the nenbranes and is partiaFIy condensed before
flowing to an air cooled heat exchanger. Noncondensible gases
entrained in the condensate stream are renoved by a punp Wwhich
functions as a gas/liquid separator. Unevaporated waste water is
recycled until solid concentrations reach a predetermned |evel,
at which time the concentrated brine is renmoved for disposal.

Using thernoelectric devices, the |atent heat of condensation is
recovered and reused in the evaporati on process.
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Process Flow Schematic for Vapor Conpression Distillation

The Vapor Compression Distillation (VCD) system maintains a
vapor/liquid interface using centrifugal force created by a
rotating drum \Waste water is discharged to the inner surface of
a centrifugal evaporator druminside the distillation unit. Water
vapor IS removed fromthe evaporat or, Con'pressed toraise its
saturation tenperature, and then forced against the outer surface
of the rotating drum where it condenses. The |atent heat of
condensation is transferred through the drumwall and reused in
the evaporation process. unevaporated waste water i$ _
recirculated until solid concentrations reach a predeterm ned
level , at which time the concentrated brine is renoved for

di sposal .
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Process Flow Schematic for Vapor Phase Catal ytic Amoni a
Reduction for Uine Processing

The Vapor Phase Catalytic Amonia Renoval (VPCAR) Process
utilizes catalytic reactors to react vaporized inpurities in the
feed water to innocuous gases. Urine is vaporized at 100"C in an
evaporator. The process enploys two catalytic reactors. The NH,
oxi dation reactor uses a Pt catalyst to oxidize NH, to a mxture
of N,and N,0 and volatile organic hydrocarbons are oxidized to
Cco, and water vapor at 250°C. The N,0 deconposition reactor uses a
Ru catalyst at 400°C to N, and 0,. The recovered H,0 has little
NH,, few hydrocarbons, low conductivity, and only requires pH
adjustment to be a candidate for potable water.
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Process Flow Schematic for Air Evaporation for Urine Processing

a w ck package along with a dry air stream The circul atP

heated air evaporates water fromthe urine leaving solids |n t he
wi cks. Wien sufficient solids accumulate in the wicks, the feed
I's stopped and the | oaded wi cks are dried down and repl aced.
Hum d air |eaving the wi ck evaporator passes through a heat
recuperator and a condensi ng heat exchanger. A water separator
downstream of the condenser renoves water fromthe air and punps

it out as condensate. |odine is added to the water before it is
sent to post treatment before it can be used as hygi ene water.
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Process Flow Schematic for Freeze Drying

The freeze drying (rrz) process consists of four major steps as
Il lustrated above:

(1) pre-freezing at -3°C to freeze dissolved and suspended
materials along with water;

(2) vacuum evaporation or sublinmation of the frozen ice at
<0.0001 atm

(3) re-freezing water vapor at -15°C and

(4) nmelting of the frozen ice at 16°C.
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Process Fl ow Schematic for Thermal Drying

The Thermal (or hot) Drying (HD)process uses power to dry the
feed at tenperatures exceeding 150°C. Regenerative heaters ar
provided to increase the thermal effici e%cy. Potential waste %eat
sources, rather than electrical power, could be process waste
hegt from ot her physical/chem cal processing steps, such as co,
reduction.
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Process Fl ow Schematic for Comnbustion OXidation

The Conbustion (“COMB) Oxidation process uses pure oxygen to
[ncinerate the organics in the feed. Prower is also required as
the stream has a |ow heating value. An anbient pressure furnace
I's used; ash solids residue. is separated after incineration.
After recovery of sonme of the waste heat in a regenerative
heater, the water condensate fornmed from the original water and
the oxidized organics i s condensed. Unreacted or partially
oxi di zed organics and ot her contam nant vapors are absorbed. co,
formed from oxidizing the organics is recycled totheair
revitalization subsystemto reduce the €0, to carbon and oxygen
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The wet oxidation (WOX) process uses pure oxygen to oxidize the
organics in the feed in a reactor maintained at 2%0°c atm and 150
atm Power is also required as the stream has a | ow heating

val ue; in addition,

power is required to punp the feed waste

stream and conpress the oxygen.

Ash solids residue is separated

after the reactor in a dry boiler, operated at

| ow pressure and

over 230°C. The water condensate formed fromthe original water
and the oxidized organics is condensed. Unreacted or partially
oxi di zed organics and other contam nant vapors are absorbed. 0,
formed fromoxidizing the organics is recycled to the air

revitalization subsystemto reduce the co, to carbon and water.
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